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emission pathway that is independent of temperature-related emissions 
at in-use temperatures. The IVOC fraction started and remained high 
(85%), the SVOC fraction increased from 3 to 9%, and the aromatic 
fraction was similar to nonsolar conditions (Fig. 3D), but the PAH 
fraction did not shift like with road asphalt.

Emissions from other common road and roofing  
asphalt-based materials
In addition to our detailed testing of primary road asphalt (PG 64-
22 binder), we observed emissions of complex mixtures of hydro-
carbons and heteroatom-containing compounds across the VOC-I/

SVOC range from three widely used, commercially available, asphalt-
containing roofing products, specifically asphalt shingles, asphalt 
sealant, and liquid roofing asphalt. All roofing materials were tested 
immediately after heating to 75°C, which is a typical maximum for 
roof surfaces (42), slightly higher than road surface maxima (see 
section S2). All the asphalt-containing products/materials emitted 
complex mixtures of IVOCs, SVOCs, and C10-C11 VOCs with 20 to 
50% aromatic content (Fig. 4, B, D, and F) and a range of comparable 
emission factors (Fig. 4A). It should also be noted that the use of 
solvents in some of these products such as sealants (i.e., light aromatic 
solvent) and liquid roofing asphalt (i.e., Stoddard solvent with C9-C12 
aliphatics) could further increase their emissions and SOA for-
mation potential. For comparison here and to focus on the non–
solvent-related emissions, high-resolution formulas for any potential 
contributions from solvents are conservatively excluded from mea-
sured emissions.

These asphalt-containing materials showed substantial increases 
in total emissions, I/SVOC emissions, calculated SOA yields, and 
thus SOA production with solar irradiation at or below typical solar 
fluxes (Fig. 4A). Figure 4 (C, E, and G) shows the distribution of 
hydrocarbon emissions with solar irradiation, which constituted the 
majority of emissions from asphalt shingles (85%), asphalt sealant 
(80%), and liquid roofing asphalt (78%) at 75°C, with the remainder 
constituted by sulfur- and oxygen-containing compounds. It is 
worth noting that the increases in the fraction of SVOC emissions 
due to solar exposure were somewhat more pronounced for asphalt 
shingles and both road asphalts (Fig. 4 and fig. S3) compared to asphalt 
sealant and liquid roofing asphalt. This relative enhancement was also 
reflected in their SOA yields, yet the only known difference was the 
presence of coarse (e.g., road asphalt) or fine (e.g., asphalt shingles) 
stone aggregates.

To further supplement the extensive testing of primary road 
asphalt from New Haven, CT, with PG 64-22 binder, which is very 
common throughout the United States and California, we tested 
an additional real-world sample of road asphalt from Pittsburgh, 
PA. A large specimen of road asphalt pavement was collected 
approximately 28 hours after application in Pittsburgh, PA, from an 
ulterior (i.e., minor) road using a different binder grade. We tested 
it at 40° and 60°C in the laboratory to examine emissions at daily 
in-use temperatures (Fig. 5). The total emission factors were five to 
seven times higher than from primary road asphalt at 60° and 40°C, 
respectively, even considering that it had been paved over 1 day 
before the pavement sample was obtained.

A similar hydrocarbon volatility distribution was observed be-
tween the Pittsburgh ulterior road asphalt (Fig. 5B) and the primary 
road asphalt (Fig. 2A). Similar to the New Haven primary road 
asphalt, hydrocarbons made up over 95% of the emissions from 
the Pittsburgh sample at 40° to 60°C, with the remaining being a 
combination of sulfur- and oxygen-containing hydrocarbons. 
The total emissions were largely IVOCs (73%), with SVOCs 
making up only 4%. Nearly 37% of these emissions were aromatic 
at both 40° and 60°C, constituted by single-ring aromatics (95%) 
and PAHs (5%). The SOA yields for emissions at 40° and 60°C were 
comparable between the two road asphalt types, and both mate-
rials showed significant enhancements in SOA yield with solar 
exposure (Fig. 4A). These results demonstrate that (i) emission 
factors (with and without sunlight) for a road asphalt specimen 
collected from a different region and road type are variable and 
can be substantially greater than the primary road asphalt sample 

Fig. 4. Other asphalt-containing materials have similar emissions and solar 
enhancements. (A) Summary of emission factors and SOA yields for different 
highly used asphalt-based materials compared to gasoline and diesel emissions. 
The red circles and red-bordered squares indicate emission factors and SOA yields, 
respectively, determined in the absence of solar exposure, while the blue circles 
and blue-bordered squares show the corresponding values measured with the 
material exposed to solar radiation. Variation in chemical speciation of hydrocarbon 
(CxHy) emissions observed during laboratory tests without (left) and with (right) sunlight 
are shown in (B) and (C) for asphalt shingles at 75°C, (D) and (E) for asphalt-based sealant 
at 75°C, and (F) and (G) for commonly used liquid roofing asphalt at 75°C. Hydro-
carbon emissions made up more than 80% of total emissions in most cases.
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tested in this study, (ii) the chemical composition of emissions 
is similar, and (iii) there are large continued emissions (observed 
in laboratory) at in-use conditions even 1 day after curing of real-
world asphalt.

Observations from supporting ambient measurements
To supplement the extensive laboratory-based results presented 
here, we collected a selection of targeted ambient field samples that 
provide evidence for real-world emissions of aromatic and aliphatic 
I/SVOCs following road asphalt application over a range of time 
scales at two separate sites. First, three ambient nighttime samples 
were collected on adsorbent tubes in the period immediately fol-
lowing primary road asphalt application (section S3). These results 
from freshly applied road asphalt during cooling (Fig. 5C) show a 
wide volatility range generally consistent with laboratory results. 
Specifically, the distribution of smaller compounds is more consistent 
with that observed in laboratory experiments at 140°C after several 
hours of heating (fig. S7D), while the relative abundances of larger 
compounds are more consistent with tests at 80° to 120°C as the 
asphalt cools (Fig. 5C).

Second, daytime samples collected over 3 days at an ulterior 
roadway site demonstrate sustained emissions at ambient tempera-
tures of 25° to 35°C (Fig. 5D and figs. S9A and S10). They had a 
similar volatility distribution to that of the laboratory tests of the 
ulterior roadway asphalt pavement sample (taken from that site), 

shown with and without solar exposure in Fig. 5D. Each day at a 
similar time in the afternoon, simultaneous gas-phase VOC-I/SVOC 
samples were collected at 8 cm and 2 m above ground level to evaluate 
vertical concentration gradients resulting from emissions at the asphalt 
surface. Such gradients are frequently used to investigate vertical 
fluxes from ground-level sources (49). The concentration differen-
tial in the vertical gradient between the two heights demonstrated the 
upward vertical flux of VOCs-I/SVOCs, independently in both GC-
TOF (Fig. 5D and fig. S9) and GC-EI-MS (fig. S10) data. These ap-
parent emissions continued over the 3 days of measurements with 
similar vertical concentration gradients on days 2 and 3 after a 50% 
decrease from day 1 (i.e., the day of application) (Fig. 5D, inset).

All 3 days were sunny at the site and the observed vertical fluxes 
of aromatics included a distribution of larger C15-C20 compounds that 
was more consistent with the solar-exposed experiments than the 
temperature-only experiments or nighttime ambient observations 
(Fig. 5, C and D). PAHs and single-ring aromatics are shown in 
Fig. 5D to minimize interferences from evident biogenic emissions 
of terpenoid species and previously reported alkanes [e.g., even 
n-alkanes (50)] at the heavily vegetated site. Yet, there is evidence 
for vertical gradients in asphalt-derived alkanes that are concentrated 
in the IVOC range (figs. S9 and S10), with a breakdown similar to 
laboratory data. Both sets of these real-world observations are in-
tended to support the conclusions of the laboratory experiments, 
yet future work remains for more detailed field measurements 

Fig. 5. Consistent results from other asphalt samples and ambient measurements. (A and B) Chemical speciation of complex gas-phase hydrocarbon emissions from 
ulterior (i.e., minor) road asphalt collected from Pittsburgh, PA, during laboratory tests at (A) 40°C and (B) 60°C. In both cases, hydrocarbons made up over 95% of the total 
emissions. (C and D) Confirmatory ambient measurements following road asphalt application demonstrate similar emissions (shown as a function of carbon number) for 
(C) primary roadway asphalt immediately following application in New Haven, CT (detailed composition in fig. S9) and (D) over 3 days of measurements at an ulterior 
roadway in Pittsburgh, PA, both compared to laboratory experiments. To evaluate continued vertical fluxes (i.e., emissions) over 3 days, the main plot in (D) shows the 
aromatic vertical concentration differentials at 8 cm versus 2 m (i.e., Conc. at 8 cm − Conc. at 2 m) via simultaneous adsorbent tube collection at the 2 heights. Single-ring 
aromatics and PAHs are shown here to remove biogenic interferences, but supporting vertical gradient data via GC-TOF and GC-EI-MS for alkanes, aromatics, and PAHs 
can be found in figs. S9 and S10. The inset in (D) shows the sum of vertical concentration differential for aromatic compounds. The field results from the 3 days show good 
agreement with laboratory data, including SVOC enhancements with solar exposure.
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across a broader range of asphalt life cycle stages with quantitative 
flux measurements (e.g., eddy covariance) over longer time periods.

DISCUSSION
Constraining emissions of intermediate- and semivolatile 
SOA precursors from asphalt-related materials
The magnitude and composition of emissions from asphalt-based 
materials are dependent on environmental conditions, particularly 
temperature and solar radiation, often with the vast majority of 
emissions composed of I/SVOCs. During our tests, substantial 
emissions were observed in response to these stresses, with an 
experimental focus on emissions from road asphalt during applica-
tion and the initial period thereafter. Here, we use these results 
on road and roofing asphalt to conservatively estimate the range 
of potential total emissions from asphalt-related materials and to 
ultimately contextualize their importance for urban air quality in the 
subsequent section.

Emission factors decayed over the tested time scales (up to 1 week), 
yet had continued emissions at in-use temperatures (e.g., 60°C) and 
especially with solar exposure (Fig. 3). To translate these results to 
potential emissions during the application and in-use life cycle stages, 
we established lower and conservative upper estimates using both 
the initial emission factors for all the asphalt materials tested and 
calculated the total emissions observed during the prolonged exper-
iments. Given the variability in asphalt types and environmental 
conditions (discussed below), this provides an approach to con-
strain larger-scale emissions and is further detailed in section S8 
(see the Supplementary Materials).
Temperature-related emissions from road asphalt
To determine the temperature-driven emissions capacity (i.e., the 
total possible emissions with perpetual heating) from the real-world 
primary road asphalt (i.e., Fig. 3B), we continuously heated an 
asphalt pavement sample to application temperatures (140°C) for 
1 week until emissions were negligible. We observed a total of 30 g 
of total emissions per kilogram of primary road asphalt binder (PG 
64-22 grade), which was estimated via the emissions decay curve 
fitted to time-dependent EF measurements (Fig. 3A and section S8). 
Yet, higher total emissions are possible with other road asphalt 
grades as evidenced by the higher EFs measured from Pittsburgh’s 
ulterior road asphalt (Fig. 5). Fourteen percent of the potential total 
emissions (i.e., 14% of 30 g kg−1) were emitted in the first 5 hours of 
heating, an approximate period during which road asphalt remains 
at high temperatures while in transport from storage and during 
subsequent paving. Therefore, despite longer possible heating times, 
only 14% of the potential total emissions were considered in reporting 
potential emissions from road asphalt while at application condi-
tions (Table 1), and future on-site ambient measurements during 
and following application via different methods are warranted to 
further constrain the full extent of application-related emissions.

 Some fraction of the remaining temperature-driven emittable 
content (26 g kg−1) could slowly diffuse out from the cured road 
asphalt over time, especially at higher in-use summertime tempera-
tures (e.g., 60°C). To conservatively estimate potential emissions at 
in-use conditions, Table 1 only reports in-use emissions from the 
60°C experiments over the ~3 days tested, which amounted to 1 g kg−1, 
and could be higher by a factor of 5 based on the ulterior road asphalt 
sample (Fig. 4). However, emissions were not depleted during the 
experiment, reaching a steady-state emission rate of 0.1 mg min−1 kg−1 

(Fig. 3A) that was limited by internal diffusion (see section S7). Thus, 
steady-state emissions extending beyond the duration of the exper-
iment were not included in Table 1, and it should be noted that these 
steady-state emissions would equate to an additional 1 g kg−1 over 
another 7 days at 60°C.

In addition, emissions during production/processing and from distrib-
uted storage facilities, which keep asphalt binder at hot temperatures, 
are not included in Table 1’s estimates. Yet, these I/SVOC emissions are 
likely occurring and represent another key area of future work as the vast 
majority of asphalt-related emissions from all life cycle stages are outside 
the range of traditionally used VOC measurement techniques [e.g., 
Photochemical Assessment Monitoring Stations (PAMS) network].
Solar exposure–related emissions from road asphalt
Solar radiation markedly increased emission factors for in-use road 
asphalt and decayed more slowly relative to temperature-related 
emissions (Figs. 3, C and D, and 4) such that the time scales for the 
depletion of sunlight-related emissions are uncertain. Therefore, to 
include a lower bound for the potential solar-related emissions in 
Table 1 for road asphalt, we have integrated emissions over the 
18-hour experiment (Fig. 3C), which was conducted at only moderate 
solar fluxes (section S5 and fig. S11B). To account for differences in 
pavement thickness and only consider solar-related emissions from 
the asphalt pavement’s surface, we have scaled down the results 
from our solar radiation experiments to represent the typical thickness 
when repaving with road asphalt (see section S8). Yet, we acknowledge 
that total emissions would likely be higher with additional solar 
exposure beyond 18 hours and with higher solar fluxes, such as on 
peak solar days or at lower latitudes. Therefore, to establish an 
upper estimate, we integrated the potential total emissions from the 
emissions decay curve fitted to the data, as described in section S8.
Roofing asphalt–related emissions
Asphalt-based roofing materials are exposed to both high tempera-
tures and solar radiation. Potential temperature-related emissions 
were estimated on the basis of summertime black roof temperatures 
(75°C) using the time-resolved liquid roofing asphalt experiments 
(Fig. 3D), which had the median temperature–related EF for the 
roofing asphalt (section S8). The lower limit corresponds to total 
emissions over the experiment’s duration (~2 days), while the upper 
limit is calculated via fitting and integrating an emissions decay 
curve to the time-dependent EFs (section S8). Solar exposure caused 
a significant enhancement in emissions for all roofing materials 
(Fig. 4), even after sustained heating (Fig. 3D). A lower bound based 
on our data is the sum of emissions over 3 hours of solar exposure 
during the experiment (Fig. 3D). The upper bound is conservatively 
estimated by assuming the decay rate to be similar to that for emissions 
without solar exposure.

Emission reservoirs and potential production pathways
The underlying reservoirs and processes related to emissions of the 
diverse mix of observed compounds are discussed here based on 
our results, but opportunities remain for further elucidation. First, 
the fraction of hydrocarbon emissions (relative to functionalized 
organic compounds) from both road and roofing asphalts were 
greater at lower temperatures (Fig. 2 and fig. S5), suggesting that at 
least some fraction of hydrocarbon compounds or their precursors 
are in a more readily accessible reservoirs in asphalt, whereas sulfur- 
and oxygen-containing compounds are dependent upon emission 
pathways that require higher temperatures to overcome formation 
or mass transport limitations.
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Second, mass diffusion within the viscous asphalt binder is a 
rate-limiting factor for emissions. Road asphalt’s EFs were an order 
of magnitude higher at 140°C than 60°C and decayed more slowly 
over time (Fig. 3, A and B), and relative changes in emission factors 
(Fig. 1) generally followed changes in internal diffusion coefficients 
(fig. S2, B to D). At higher temperatures, there is enhanced internal 
diffusion to the asphalt surface from internal reservoirs due to the 
lower viscosity of the asphalt binder, which will be 100 times greater 
at 140°C versus 60°C (see section S7). The results from prolonged 
heating at 140°C (Fig. 3B) further suggest complete depletion of 
both preexisting reservoirs and any temperature-related formation 
mechanisms (e.g., for S- and O-containing species). The other 
potential explanation could be pyrolysis of asphaltenes to produce 
VOCs-I/SVOCs but is unlikely because asphaltenes require very 
high temperatures (>200°C) to begin fragmenting (51, 52).

Therefore, we hypothesize there are some preexisting reservoirs 
of VOCs, IVOCs, and SVOCs in asphalt from upstream operations, 
which diffuse out from cured asphalt over prolonged time scales at 
rates governed by binder viscosity, temperature, and film thickness 

(i.e., diffusion-path length). This is supported by the observed 
steady-state emissions during continuous heating at 60°C (Fig. 3A), 
mass transport calculations (see section S7), the correlation between 
n-alkane emission factors (Fig. 1C) and their calculated internal dif-
fusion coefficients as a function of temperature (fig. S2, C and D), 
and the sharp decrease in EFs at 60°C due to the depletion of 
VOCs-I/SVOCs in the surface layer.

While emissions will be enhanced in hotter temperatures, this 
mass diffusion limitation suggests that the internal distribution of 
compounds will equilibrate during cooler periods via internal diffu-
sion (albeit at slower diffusion time scales; section S7). This process 
would replenish near-surface reservoirs before future hot periods 
and the accompanying enhanced temperature-dependent partitioning 
at the surface, which would increase the in-use emission estimates 
in Table 1.

Third, separate VOC-I/SVOC production pathways become 
important with exposure to solar radiation. In our experiments, the 
application of solar radiation on both road and roofing asphalts 
showed immediate, sustained increases in total emissions (at the 

Table 1. Emissions and potential SOA estimates for asphalt-related materials and pathways in comparison to other prominent sources in the South 
Coast Air Basin (SoCAB), California. Asphalt-related emissions from upstream production, transport, and distributed storage before application are not 
included and would increase cumulative life cycle emissions. Please see section S8 for details on calculation of individual values. *Includes hot- and warm-mix 
asphalts but excludes emulsified and cutback asphalt (8% of total usage), which are applied cold. †Corresponds to PG 64-22 road asphalt, which represents 
common road asphalt in California. Higher emissions are possible due to losses before collection of asphalt. Other asphalt types may have higher application 
emissions, e.g., the Pittsburgh sample with five times higher emissions at 60°C. ‡The potential SOA production at application temperatures includes LVOCs (and 
some larger SVOCs) that may recondense before undergoing atmospheric oxidation. §Includes emulsified and cutback asphalts (6 and 2%), which are applied 
cold. ǁDoes not include emissions beyond the experiment duration, i.e., ~3.5 days. ¶Annual solar-related road asphalt emissions have been adjusted for the 
mass fraction exposed to solar light. #Does not include emissions from coal-tar pitch roofing products, which are likely a similar or greater source where used. 
**Only 5% of roofing asphalts are applied hot. ††Fuel consumption and on/off-road emissions calculated using California Air Resources Board EMFAC and 
OFFROAD 2017 models (70, 71). Values correspond to the year 2020. ‡‡Includes both exhaust and evaporative emissions (i.e., from vehicles and fuel distribution) 
(72). §§Known I/SVOC emissions from VCPs are concentrated largely in the lightest IVOC C* bin in the study of McDonald et al. (2). VCP estimates shown here do 
not include asphalt-related contributions from this study. 

Asphalt emission 
pathway or 
source type

Usage in 
California  
(Tg/year)

Usage in SoCAB 
(Tg/year)

Potential 
emissions (g/kg 

product)

Potential I/
SVOC emissions 
(g/kg product)

Potential SOA 
(g/kg product)

SoCAB annual 
average I/SVOC 

emissions  
(Gg/year)

SoCAB
annual average 
potential SOA 

(Gg/year)

Road asphalt 
application  
(e.g., 140°C)*

1.11 0.5 ≥4.1† ≥2.9 ≥0.9‡ ≥1.4 ≥0.45

Road asphalt 
in-use (e.g., 60°C)§ 1.22 0.55 1.0–5.0ǁ 0.8–4.1 0.1–0.5 0.4–2.3 0.1–0.3

Road asphalt 
in-use under solar 
irradiance¶

1.22 0.55 2.1–5.5 1.8–4.6 0.4–1.2 1–2.5 0.2–0.6

Liquid roofing 
asphalt hot 
application  
(e.g., 140°C)#

0.009** 0.004 ≥4.1 ≥2.9 ≥1.1 ≥0.01 ≥0.004

Roofing asphalt 
in-use (e.g., 75°C) 0.183 0.083 18–43 16–39 2.8–6.9 1.3–3.2 0.2–0.6

Roofing asphalt 
under solar 
irradiance

0.183 0.083 2.1–42 1.9–38 0.3–7 0.2–3.2 0.02–0.6

Asphalt total 1.4 0.63 – – – 4.3–12.6 1–2.5

Gasoline-related 
sources (2020) 44†† 18.1†† 1.7‡‡ 0.05–0.2 0.03–0.04 0.9–2.9 0.5–0.7

Diesel-related 
sources (2020) 16.4†† 4.43†† 0.72 0.4 0.08–0.2 1.7 0.4–0.7

Known VCPs 3.26 1.48 120 ± 30 24 ± 6‡‡ 4.7 ± 1.7 35 ± 9§§ 7.0 ± 2.5
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same temperatures), even with solar exposure occurring after ~2 days 
of continuous heating (Figs. 3, C and D, and 4). Solar-related emis-
sions eventually decreased but at a much slower rate than in 
temperature-only experiments (Fig. 3, A and B). Together, this 
evidence suggests enhanced production of emittable compounds via 
an independent pathway at a rate rivaling their temperature-only 
related emissions.

The exact mechanism(s) cannot be derived via the results of this 
study, but a potential hypothesis is that organic compounds (or 
segments of organic compounds) present in asphalt are acting as 
chromophores and generating triplet excited states of organic matter 
through photosensitization and/or singlet oxygen (1O2) through 
energy transfer to ground state oxygen (53). These reactive species 
may then react with larger less-volatile structures (e.g., asphaltenes) 
to form smaller, emittable compounds (54–56). Similar photoexcitation 
of chromophores is known to occur in atmospheric light-adsorbing 
brown carbon that undergo photoinitiated transformations over 
time—analogous to the photobleaching observed with real-world 
asphalt (55, 57). Similarly, the generation of other reactive species 
(e.g., H2O2) via irradiation of quinone-like structures known to 
form from PAH oxidation could also play a role (58–61). Another 
possibility is direct photolysis of organic compounds excited via 
increased absorption in the UV-visible spectrum, which could be 
facilitated by the prevalent -bond conjugations present in asphaltene 
molecules. In principle, C─C bonds could be broken by UVA and 
UVB radiation [bond energy, 348 kJ mol−1 or an equivalent wave-
length () of 344 nm] (62).

It is also worth noting that heavy metals such as copper, nickel, 
vanadium, zinc, and cadmium are present in asphalt binder along 
with a range of other metals and could be a factor in the observed 
photoactivated chemistry (8). However, more detailed investigation 
is necessary to explore these hypotheses using additional targeted 
instrumentation to examine the chemical functionality of surface 
layers following solar exposure. As part of this, future work should 
explore the role of individual solar wavelengths on the magnitude 
and chemical composition of emissions from asphalt while also 
examining the solar-enhanced emissions across a range of surface 
temperatures. Because the identity of the chromophores is unknown, 
their long-term stability and persistence is uncertain and can be 
explored in longer duration tests. For all these emission pathways, 
future work is needed to examine the effects of polymer-modified 
asphalts, other additives, porous asphalts, variations across other 
asphalt grades/products and application methods (e.g., hot-mix, 
warm-mix, or emulsified asphalts), and the effect of real-world road 
wear on potentially exposing new asphalt surface layers over time.

Comparing intermediate- and semivolatile emissions 
and SOA production to other urban sources
To evaluate the importance of asphalt-related emissions on urban 
scales, we assessed their relative contributions of SOA precursors 
including a focus on I/SVOCs given their established role in SOA 
production (4). We compared their emissions to known sources in 
the more developed California-based emission inventories and 
studies, especially the South Coast Air Basin (SoCAB), which is an 
important historical urban air quality case study (1, 2). Road asphalt 
is responsible for 86 to 87% of total liquid asphalt binder used in 
California and the United States (fig. S12 and Table 1), with the 
remainder used primarily for roofing (1). The primary road asphalt 
binder tested in this study (PG 64-22 grade) or other very similar 

grades (PG 64-10 and PG 64-16) are prevalent in the SoCAB (63). 
Compared to other regions, there are fewer seasonal asphalt appli-
cation restrictions, but increases in emissions due to higher surface 
temperatures and solar exposure will occur during the summertime 
air pollution season (June to August, 35° to 45°C high air tempera-
tures, 870 W m−2 peak solar intensity). In colder climates, application-
related emissions will be focused during warmer months when they 
will contribute most to SOA formation in urban areas.

Both our GC-TOF and GC-EI-MS results demonstrate that emissions 
contained a large fraction of I/SVOCs (C12-C25) in addition to VOC 
emissions in the C10-C11 range (Figs. 2 to 5 and figs. S1 and S10), 
both of which have substantial aromatic content (30 to 40%). In 
general, asphalt-related emissions have a greater proportion of I/
SVOC emissions than most other sources (Figs. 2 to 5), which, in 
turn, contributes to their large SOA yields (Fig. 4). Approximately 
66 to 81% of emissions from primary road asphalt were I/SVOCs at 
both application and in-use temperatures. With solar radiation, the 
I/SVOC fraction of road asphalt (at 60°C) increased to 85% (fig. S13). 
The other asphalt materials tested had similarly large I/SVOC frac-
tions ranging from 62 to 90% (Fig. 4 and fig. S13). By comparison, 
emissions from gasoline vehicles contain only a small fraction of 
gas-phase I/SVOCs (64), while the larger molecular sizes in diesel 
fuel lead to a I/SVOC fraction of 52% in total diesel emissions 
(section S8) (65). However, I/SVOC emissions, and thus SOA 
yields, have dropped markedly for modern diesel vehicles equipped 
with diesel particulate filters (DPFs) and diesel oxidation catalysts 
(DOCs) (66).

Given their high I/SVOC emission factor and the large quantity 
of asphalt used, total asphalt-related emission rates in the SoCAB 
exceed those of traditional combustion-based sources such as gasoline 
and diesel motor vehicles and individually contribute a substantial 
increase in I/SVOC emissions to those currently estimated for 
VCPs (Table 1). I/SVOC emissions from asphalt-related sources 
include large contributions from road asphalt application as well as 
temperature- and solar-related emissions from both road and roof-
ing asphalts at in-use conditions (Table 1). Together, this makes 
asphalt-related materials a major source of I/SVOC emissions and a 
likely contributor to the large unattributed contributions of I/SVOCs 
from unknown petroleum-related sources (i.e., other than on-road 
motor vehicles) previously observed in ambient measurements in 
the SoCAB (5). Similar supporting ambient evidence from the 
SoCAB in 2010 shows an observed temperature dependence and an 
unexpected afternoon maxima in naphthalene and methylnaphthalene 
concentrations (observed here in asphalt-related emissions; e.g., 
Figs. 1, 2, and 5), which could not be differentiated between local 
emissions from the “tar roof” or a larger city-wide source in the 
study (67). In all, it reinforces the importance of targeted ambient 
measurements and long-term laboratory experiments simulating 
application and environmental conditions with typical perturba-
tions across a greater geographic diversity of asphalt materials. This 
future work should aim to quantify emissions over the complete life 
cycle of asphalt, whose cumulative impacts on urban environments 
could increase beyond current estimates (e.g., Table 1) over longer 
time scales.

While the SOA production factor (g kg−1 asphalt use) from roof-
ing asphalt materials is higher than that from road asphalt, road 
asphalt contributes a greater fraction to estimated potential SOA 
production in the SoCAB due to its higher consumption (Table 1). 
Solar radiation–related emissions have a large SOA production 
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potential due to their enhanced I/SVOC emissions and SOA yields 
such that their emissions from both road and roofing materials are 
likely responsible for approximately 30 to 50% of asphalt-related 
potential SOA. Given cities’ substantial asphalt coverage, the major 
contributions of ambient temperature- and solar-related pathways 
to I/SVOC emissions (70 to 90%; Table 1) suggest a more spatio-
temporally distributed urban source than emissions arising from 
application alone.

In total, the annual potential SOA production from asphalt-
related sources in the SoCAB is greater than that of gasoline and 
diesel on-road motor vehicles combined (0.7 to 0.9 Gg year−1; 
section S8) and includes off-road gasoline/diesel-related contribu-
tions (e.g., equipment and generators) in Table 1 and fig. S14. With 
regard to nontraditional sources, the SOA yields of asphalt-related 
emissions are considerably higher than estimates for other VCP-related 
sources on average, whereas VCPs’ larger VOC emissions give it a 
bigger role in potential ozone formation than asphalt-related emis-
sions. In total, VCPs collectively have an estimated SOA production 
of 7 ± 2.5 Gg year−1 in the SoCAB (2), which would be appreciably 
enhanced by the contribution of SOA from asphalt-related emissions 
(Table 1). Yet, these other key sources of SOA precursors will generally 
be evenly distributed throughout the year. However, in the SoCAB 
and other urban climates, these temperature- and radiation-dependent 
in-use emissions from asphalt will be enhanced during the hottest, 
sunniest summer periods with the highest photochemical activity 
and SOA production, giving asphalt-related sources an outsize 
impact during critical summertime air pollution episodes.

As a result of regulatory policies and technological advances, the 
evolving portfolio of urban emissions in developed megacities is re-
ordering the relative importance of urban SOA precursor sources, 
especially with increasing attention to nontraditional emissions. 
Emissions from motor vehicles and other combustion-related sources 
are only going to decrease further with the phasing out of the oldest, 
highest emitting vehicles and their replacement with zero emission 
vehicles, DPF- and DOC-equipped diesel vehicles, and electric 
vehicles. Furthermore, greater attention to emissions from consumer 
and commercial products (e.g., VCPs) will further assist in reducing 
their emissions. Yet, the current consumption of asphalt materials 
and their emissions are likely to remain the same or increase with 
infrastructure growth and urban temperature increases driven by 
climate change and urban heat island effects, thus enhancing their 
relative impact on urban air quality over time.

MATERIALS AND METHODS
Experimental setup
A temperature-controlled quartz tube furnace (Across International 
STF1200) was used in short–time scale experiments to investigate 
the sensitivity of VOC-I/SVOC emissions to temperature. Large 
chunks of fresh real-world PG 64-22 asphalt, commonly used in 
U.S. road paving, were obtained during road paving in New Haven, 
CT (on-site before surface application) and stored in a sealed glass 
container. During each test, a 12-g asphalt sample measuring 10 cm 
by 1 cm by 1 cm was weighed using a Mettler Toledo AG285 
microscale and inserted into the furnace. The sample weight was 
determined on the basis of trials to optimize the MS response of all 
emitted gas-phase chemical constituents. Samples were heated to 
temperatures ranging from 40° to 200°C to study temperature de-
pendence of asphalt-related emissions across storage, application, 

and in-use conditions. Preliminary tests with a thermocouple embedded 
inside the asphalt sample confirmed temperature relationships between 
the furnace temperature and that of the asphalt sample. A laminar flow 
of 1 liters per minute (LPM) of zero air (AADCO) was maintained 
through the tube using an upstream mass flow controller (Alicat) to 
achieve environmentally relevant emission velocities from the asphalt 
surface (see section S4 for calculations). In experiments that involved 
artificial solar irradiation, a 75-W artificial solar spectrum lamp 
(OTO E27 Sun Lamp) including UVA and UVB radiation was placed 
above the quartz tube over the sample (section S5 and fig. S15). The 
solar irradiation on each material’s surface during experiments was 
calculated to be approximately 50 to 60% of that at the Earth’s surface 
on mid-latitudes (section S5). Each gas-phase sample for offline 
analysis was collected at a flow rate of 125 mL min−1 for 10 min at 
the downstream end of the tube furnace using our custom-made 
adsorbent tubes described by Sheu et al. (68). Long–time scale ex-
periments (3 to 7 days) were carried out in a similar custom-made 
emissions chamber, the construction of which is discussed in 
section S6 (fig. S16). A summary of measures taken to closely simulate 
environmental conditions can be found in sections S2 and S3.

Analytical techniques
Custom-packed adsorbent tubes were desorbed using a Gerstel 3.5+ 
TD system at 300°C using helium as the carrier gas. The analytes 
were then cryo-focused on a glass wool inlet liner maintained 
at −100°C using liquid nitrogen, which was then ramped at 
400°C min−1 to 325°C to inject analytes onto the GC column (DB-5 
MS UI, 30 m by 0.32 mm by 0.25 m). The column was held at 35°C 
for 5 min before ramping at 10°C min−1 to 325°C and held at this 
maximum temperature for 3 min. The column effluent was directed 
either into a traditional vacuum pressure EI-MS with unit mass 
resolution or an APCI-TOF MS operating in positive mode with 
25,000 to 40,000 mass resolution (m/Δm) and 2 ppm (parts per 
million) mass accuracy. The transmission efficiency of I/SVOCs 
and LVOCs through our analytical system was previously con-
firmed via extensive trials using Macondo crude oil standard 
[National Institute of Standards and Technology (NIST) 2779] (47). 
Further details on our integrated sampling-to-analysis system can 
be found in previous publications (47, 68).

Calibrations
Authentic gas- and liquid-phase standards were used for all calibra-
tions (Apel-Riemer, AccuStandard, and Sigma-Aldrich). For hydro-
carbon (CxHy) complex mixture speciation, five-point mass calibrations 
were performed across carbon numbers (C10-C32) and double bond 
equivalencies (DBEs; 0 to 15) using NIST 2779 Macondo crude oil 
in the GC-APCI-TOF system (section S9) (47). The verified NIST 
2779 Macondo crude oil hydrocarbon mass distribution over carbon 
numbers and DBEs was obtained from literature (47, 69). In addition, 
C8-C32 n-alkanes, naphthalene, 1,5-dimethylnaphthalene, anthracene, 
pyrene, and fluoranthene standards were run for calibration on GC-
EI-MS to quantify known hazardous compounds.

The mass response factors for sulfur- and oxygen-containing 
complex hydrocarbon mixtures were developed using select indi-
vidual sulfur- and oxygen-containing hydrocarbon standards and 
comparing their APCI mass response factors to analogous hydro-
carbon compound formulas (see the Supplementary Materials for 
further details). These included NIST Macondo crude oil (for 
thiophenes collectively) (69) and individual analytical standards of 
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3-octylthiophene, 4,6-dimethyldibenzothiophene, tetradecane-1-thiol, 
dodecane-1-thiol, and octadecane-1-thiol. For sulfur-containing 
hydrocarbon compounds, our mass response factors were consistent 
with those measured for thiophenes in NIST 2779 Macondo crude 
oil measured by Worton et al. (69). Furthermore, given limited informa-
tion about the exact chemical composition of the oxygen-containing 
hydrocarbon mixtures, we were unable to assign specific response 
factors. However, in individual standard comparisons between 
oxygen-containing and pure hydrocarbon compounds, we found the 
response factors to be similar, suggesting relatively similar ioniza-
tion efficiencies for oxygen-containing hydrocarbons compared to 
pure hydrocarbon aromatic compounds. We also accounted for the 
transmission efficiencies of functionalized and nonfunctionalized 
organics through our analytical system, which has been previously 
established (47). Non-aromatic hydrocarbon compounds are more 
prone to fragmentation and potentially differ in ionization efficiency. 
In all, we acknowledge that there is uncertainty in calibrations for 
complex mixtures of oxygen- and sulfur-containing hydrocarbon 
compounds, which make up only 5 to 15% of emissions at temperatures 
relevant to life cycles of asphalt materials considered in this study. 
Thus, the overall emission factors and potential SOA estimates are 
prone to some additional uncertainty beyond that for the pure hydro-
carbon compounds. This is further discussed in section S10.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/36/eabb9785/DC1
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